We present experimental data on charge transfer from coherent elliptic states of Rydberg atoms, which are oriented relative to the impact velocity vector of monoenergetic, singly charged ions. The data cover a broad range of scaled velocities around unity, selected angles of approach over the whole sphere, all eccentricities from zero to one and principal quantum numbers ranging from n = 20 to 35. The cross sections show good qualitative agreement with classical trajectory Monte Carlo calculations, but clear deviations are also observed.
Introduction
Charge transfer (CT) in ion-atom collisions remains a difficult problem to describe comprehensively and accurately although powerful theoretical methods have been developed in recent years: for a review see Bransden and McDowell [1] . Even for ground states, where bound-state wavefunctions are well-enough understood, there have been problems because of the non-orthogonality of the initial and final states, change of frame (target frame to projectile frame) and large coupled-state bases. For the outer shells of ground states, the differences among various collision systems (projectile ion, target atom) are so significant that it becomes difficult to separate the system-specific effects, particularly at low and intermediate projectile speeds relative to the speeds of bound electrons, from the generic, overall dynamic effects. Yet it is in the realm of those overall dynamic effects that the difficulties of the CT problem really show up. New formulations and methods are needed, containing new physical insights. Astrophysics and plasma physics (both low and high temperature) require experimental data and tractable models covering a nearly limitless range of atomic and ionic species, energies, states and collision processes. Leaving this task in the hands of others, we want to focus on things that are universal or fundamental in the atomic collision process, specifically in outer-shell CT. Experiments with Rydberg atoms offer an excellent area for working out such a plan. CT from inner atomic shells, in particular the K shell, has already given important generic insights relevant to states of low angular momentum (see, for instance, [2] or [3] ), but with Rydberg states it is possible to study the capture dynamics in much more detail by systematically varying the initial conditions.
Of course, we know that Rydberg states of each element differ from those of other elements, but these differences are in the small details: fine and hyperfine structure, isotope effects, quantum defects, core polarization and open-shell effects, etc. But in the gross effects that dominate collision dynamics, neutral Rydberg atoms are essentially all the same. There is one electron, whose spin normally does not influence collisions appreciably, there is a nucleus whose mass and spin are not important except that the mass is orders of magnitude greater than the electron's mass, and there is some number of other electrons forming a core. The core hardly matters either, because its physical size is insignificant relative to the other lengths in the problem, the speeds of electrons are much greater than the speed of the highly excited electron, and their binding energies orders of magnitude greater than the energy changes that occur in collisions. In principle all these details are suitable objects of study in ion-atom collisions, but then the studies ought to be done where the effects are not strongly suppressed: they should be done with ground states or low excited states. But then one cannot focus on the real problem of the overall collision dynamics.
After completing many experiments on ion-atom collisions with ground states and lowangular-momentum Rydberg states, we turned to work with coherent elliptic states (CES) [4] . These are a generalization of the hydrogenic circular states, which have orbital angular momentum quantum numbers = n − 1 and |m| = and have drawn interest in connection with, among others, precision measurements (the Rydberg constant) [5] , cavity quantum electrodynamics [6] , suppression of spontaneous decay and blackbody-induced transitions [7] , wavepacket states [8] and magnetometry [9] . The CES have their maximum electron probability density |ψ| 2 along a classically corresponding Keplerian orbit and exhibit minimum quantum fluctuations about that orbit-from which they inherit the label coherent states. They can be produced by pulsed laser excitation of high-lying Stark states with maximum polarization in a crossed-field environment of modest electric and magnetic fields, E and B. After excitation, E and B are varied adiabatically to produce the CES of the desired eccentricity [10] [11] [12] [13] . The Stark states are coherent mixtures of quasi-degenerate angularmomentum states ( , m) of a single n shell [4] . When the electric field is reduced to a small value, they adiabatically evolve into long-lived Kepler-like orbits having a well-defined orbital plane, perpendicular to the mean angular momentum L , which is parallel to the magnetic field, and major axis parallel to the electric field. Their orientation can thus be controlled by externally applied fields, and even the sense of electron rotation is well defined by the right-hand rule about L. The elliptical eccentricity is fixed by the final value of the ratio E/B. Circular states constitute the special case when E is reduced adiabatically to zero.
Pure angular-momentum states, that is, eigenstates of L 2 , provide a natural basis for the discussion of excited atoms in wave mechanics. The mathematics of the low angularmomentum states, the s, p, d, etc, states, is pretty simple and there are not many of them since their degeneracies are given by 2 + 1 for = 0, 1, 2, . . .. Furthermore, because of dipole selection rules and dynamical factors one can often eliminate all but the first few angularmomentum states from consideration. A strategy of retaining only low-basis states, useful at low n, does not translate well into high n. At high n, there is an enormous number of nearly degenerate and strongly coupled orbital-angular-momentum states-n 2 of them for a single n shell-and the justifications for neglecting the higher ones of them are not so good. Of course, there is a high density of n levels per unit energy as well, dn/d E ∼ n 3 , which compounds the problem of mathematical modelling and selective excitation in the laboratory. High n and states have more cumbersome mathematics and the physics that is represented by a single high-state becomes less useful-and more artificial-as n and increase. In other words, one is not using the right language when straightforwardly extending the theoretical formulations of ion-atom collisions and the angular-momentum state basis from low states, where they worked well and arose naturally, to high states, where they do neither.
We may not reject quantum mechanics (QM) as the 'right' theory for an accurate description of atoms, but we should seek new ways to use it if we hope to bring to light the underlying dynamical mechanisms of ion-atom collisions. Classical trajectory Monte Carlo (CTMC) techniques [14] [15] [16] provide attractive pictures of phenomena at high n, but we know that these classical approaches are not microscopically correct and the discussion of conditions for their validity is murky and perhaps irrelevant. CTMC does point to those features that can be understood classically and are not uniquely quantum mechanical. The success of CTMC in comparing with the CES experiments (shown in many of the references to be cited below) confirms that the dominating effects are classical ones, that is, they can be visualized and quantitatively formulated using classical mechanics. By working with CES we have an extraordinary control over those features of the atomic states that are most easily visualized and formulated classically: the spatial and momentum distributions of the states. QM generally does not allow us to consider spatial and momentum features independently because of non-commutativity, but at high n, the effects of non-commutativity have a lesser and lesser dynamical significance. When we hold back from classically visualizing even high-n states, we are hostages to our knowledge of atomic QM at low n. We hinder our vision by using a glass that was clear at low n but has greatly darkened at high n and obscures so much that is significant.
The dynamical mechanisms that most strongly affect CT at high n are two: the first is normally called 'velocity matching'. When the electron is already going mainly in the right direction and with the right speed, only slight influences are required to make it change frames from the target to the projectile. That mechanism is formulated quantum mechanically in the first Born and Brinkmann-Kramers approximations [1] . The second less-familiar mechanism could be termed 'spatial effects'. At high velocity the classical Thomas mechanism [17, 18] is in this category. In the Thomas mechanism it matters not how fast and in what direction the target electron is moving when its first binary encounter with the projectile occurs-it is easiest to imagine that the electron is sitting still-but only where it is located. If not located at the right spot, then it cannot be scattered around the target nucleus with the right classical kinematics to be captured by the projectile. At lower projectile velocity, v, closer to the electronic orbital speed v Bohr = 1/n au, one cannot speak of a binary collision between the electron and either of the heavy charged bodies, because the electron moves as much as the projectile during the encounter, and during that motion it is strongly influenced by the target nucleus. But, still, the electron's initial location seems to have a very important influence on the outcome. Work with CES shows (it could not be shown with single angular-momentum states because of their inversion symmetry) that when the electron is predominantly located on the upstream side of the target atom-on the side of the atom closer to the ion source-it is much more likely to be captured [19] . This is a spatial effect. In CES with eccentricities e < 1 there is no complete separation between the spatial and momentum effects, and to some degree both always play a role. Since both are present, interference phenomena, requiring QM for a proper description, will be present as well. But in the limit e → 1, the upstream/downstream differences cannot be explained at all by velocity matching. Even so, there might still be a compound effect: as the projectile approaches, the target state adjusts and the outcome of this adjustment might lead to a more advantageous momentum distribution if the electron was sitting initially on the upstream side of the atom. For v < v Bohr this kind of adjustment must be important. But at velocities a bit higher where the encounter is more sudden, the electron cannot adjust its momentum distribution very much, so the suggested compound effect must become insignificant.
The motivation for doing capture experiments with CES is to bring out the underlying dynamical features of the capture process, stripped of distractions that mask them at low n and with sharp states, to demonstrate phenomena experimentally that help point the way to new theoretical formulations, and to emphasize that they are pretty well described by classical mechanics. This may suggest new viewpoints or procedures to theorists and the outcome of their discoveries may in turn pay off for capture studies-and studies of other physical processes, such as impact ionization-for all ion-atom collision partners, states and energies.
In this topical review we summarize a lengthy series of ion-Rydberg-atom collision experiments with CES targets of n = 20-35 that widely explored the parameter space of angles of approach, Keplerian eccentricities and ion impact velocities. First, in section 2 we discuss a few theoretical concepts. Then in section 3 we describe the experimental apparatus and method. In section 4 we describe capture from circular, linear and elliptical Rydberg states over a wide range of angles, fields, velocities and n values. In section 5 we discuss the experiments as a whole and draw some general conclusions about charge transfer in this regime.
Theoretical and conceptual preliminaries
The ion-atom charge-transfer reaction
has only two bodies in the final state, and their energies and momenta must satisfy the corresponding conservation laws. Different theoretical approaches to charge transfer in fast collisions may be distinguished by the mechanisms through which energy and momentum are transferred between the two bodies.
Transfer of an electron of mass m e from an initial state of energy ε i on B to a final state of energy ε f on A, moving at a speed v relative to B, requires an energy transfer
The energy is supplied by A + , whose momentum in the beam directionẑ changes by p z = − E/v. We can safely neglect deflection, so this momentum must be balanced by the recoil momentum P z of B + and the translational momentum of the electron m e v:
3)
The first term dominates in fast collisions or when ε f ≈ ε i , showing that a momentum P z close to −m e v/2 must be absorbed by the ionized target particle B + . The momentum transfer is large in fast collisions, and for that reason charge transfer cross sections decrease extremely strongly with increasing velocity.
As early as 1927, Thomas [17] analysed charge transfer reactions for fast α-particles emitted by radioactive nuclei and slowing down in surrounding gases. The analysis was based entirely on classical physics. A minimum of two interactions with the electron is needed in this case. The electron is first accelerated to the speed of the projectile A + (Thomas's α-particle) in a binary collision between the two particles. However, this leads to an electron recoil at an angle 60
• from the direction of the projectile velocity. A second binary collision of the electron, now with the target nucleus B + , scatters the electron into the direction of the (nearly undeflected) projectile motion without changing the speed of the electron. As a result of the two collisions the electron is brought almost to rest relative to A + within an atomic radius from it: that is, it is likely to be bound to A + . The required energy is transferred from the projectile in the first collision, and the correct momentum is absorbed by the target nucleus in the second.
The first Born or Oppenheimer-Brinkmann-Kramers (OBK) approximation for electron capture [1] includes only one interaction with the electron, which as a consequence jumps directly from the initial to the final state. The required momentum balance is satisfied in this case by transfer of the electron from-and to-specific momentum parts of the initial and final states. The electron is captured at the momentum
which makes the target nucleus recoil at the opposite momentum to satisfy equation (2.3) and it goes into a momentum state − p e z relative to the projectile A + . The first Born thus emphasizes specific momentum components of the initial and final states. At large v these are the high-momentum components, which are rare, thus strongly limiting the size of the CT amplitude.
Apparatus and experimental method
Most of the measurements reviewed in this paper were done with the apparatus shown schematically in figure 1 [20, 21] . We discuss this experimental arrangement in some detail below. Other measurements for 7 Li + on Na (e = 1) were done with a similar set-up [22, 23] . Figure 1 shows components for the production and monitoring of ensembles of Rydberg atoms having principal quantum numbers n = 20-35 in CES, for the formation and steering of a monoenergetic 1-4 keV beam of 23 Na + ions and for the detection of highly excited Na atoms formed by charge transfer neutralization of Na + ions in collisions with the Rydberg atoms. The coherent elliptic Rydberg atoms were formed by selective laser excitation of ground-state Li atoms, which emerged as a thermal beam from a hot oven loaded with metallic Li. The excitation followed the scheme 2s → 2p → 3d → n CES which requires the fixed wavelengths 671 and 610 nm for the first two steps and a wavelength tuneable near 830 nm for the last step with the present range of n values. All lasers were pulsed at a repetition rate of 14 Hz and a pulse length of a few nanoseconds. The excitation took place at time t = 0 in the presence of an initial electric field E i that was sufficiently strong to produce a large Stark splitting of the n shell but not strong enough to introduce significant inter-n mixing. A typical Stark excitation spectrum is shown in figure 2 . The lasers were all linearly polarized parallel to the electric field in order to enhance m = 0 excitations. A relatively weak magnetic field B of magnitude 30-70 G was also present (except for experiments with linear Rydberg states). The corresponding Zeeman splitting was much smaller than the Stark splitting and did not Stark spectrum of Li (n = 25) laser-excited from Li(3d) in an electric field, E = 150 V cm −1 , chosen just below the limit of significant inter-n mixing. Peaks are marked that correlate with 25 s and 26 s at E = 0. The peak corresponding to the CES of unit eccentricity that is always populated prior to adiabatic switching is marked at the left.
significantly influence the excitation process. The infrared laser was always tuned to populate the uppermost Stark component of the selected n-manifold. This Stark state is a CES of eccentricity e . = 1. The situation is illustrated in figure 3 with n = 7 for simplicity. Starting at t = t 0 with t 0 1/2 µs, the electric field was decreased-and rotated in the later work-to a final constant value E f which was reached in a few microseconds.
The earlier experiments were carried out with a Rydberg atom region consisting of several parallel plates to provide the electric fields [24, 25] and figure 1 (inset)). The thermal motion of Li atoms carried them from the strong-field region into the weak-field region. The time dependence of the field was then determined by the sizes of the apertures and the thickness, Stark-Zeeman spectrum (hydrogen with n = 7 for simplicity) in orthogonal electric (E) and magnetic (B) fields. E dominates at t = 0 when the uppermost state is populated by laser excitation. The electric field decreases after t = 0.5 µs and reaches a final value, E f , at t 4 µs. The variation is sufficiently slow that the wavefunction is transformed adiabatically from a linear CES with eccentricity e = 1 to a general CES with e given by equation (3.1) (cases marked by dots).
separations and potentials of the plates, but the field did not rotate or reverse direction in the reference frame of the ion. In the later experiments the Rydberg atom excitation and collision region was replaced by a cylindrical cage consisting of eight parallel rods to which suitable time-dependent potentials were applied (see [26] and figure 1, also [27] ). The Li atoms moved upward along the axis of the cage where the field could be made quite homogeneous. The time dependence of the field vector in the horizontal plane was approximately
The field directions were chosen such that E f was perpendicular to the static B. The variation in magnitude and direction was sufficiently slow that the initial highly eccentric CES was transformed adiabatically [28] [29] [30] into a new CES, whose eccentricity was given by n and the ratio of the electric and magnetic field strengths [31] : .) The probability distribution for n = 25 and e = 0.6 projected onto the orbital plane is plotted in figure 4 . The direction of the orbital angular momentum L of the CES was parallel to B. The displacement of the perihelion of the CES from the focus, occupied by the Li + core, is described by the Runge-Lenz vector A [32] . The Runge-Lenz vector was antiparallel to E f . Since the permanent electric dipole moment of the uppermost Stark state is antiparallel to the E field, it is parallel to A. The orientation in space of the CES and the sense of rotation of the electron about the core are thus determined by the external fields.
The Rydberg atoms were monitored by selective field ionization (SFI) [33] . Electrostatic plates charged by a pulsed high-voltage supply and a secondary electron multiplier provided the necessary electric field and a means of counting the ions.
For cases in which the projectile ion velocity v is either perpendicular to the major axis of the CES ( v · A = 0) or perpendicular to the minor axis ( v · L × A = 0)-that is, for all of the work reported in this topical review-it is useful to distinguish two cases at each value of B E Figure 4 . CES of eccentricity e = 0.6 shown with the E and B fields used to form and stabilize the wavefunction. The probability distribution projected onto the plane of the orbital is concentrated near a classical elliptic path. The nucleus is at the origin (where B crosses the plane). The electron is more likely to be found at aphelion far from the nucleus, at the left side along E, than at perihelion close to the nucleus, at the right side.
eccentricity e given by equation (3.1): we define a generalized eccentricity ε = ±e as follows:
According to this convention, ε > 0 corresponds to cases where the projectile approaches the electronic end of the atom before the ion-core end (equation (3.2)) or to cases where the component of electron velocity along the projectile momentum at perihelion is positive rather than negative (equation (3.3) ). Thus the generalized eccentricity ε compactly carries information both about the shape of the CES orbit and about its orientation relative to the projectile momentum. In cases where both v · A and v · L × A vanish, or in cases where neither vanishes, ε is undefined. It was not possible to determine absolute cross sections by experimental methods only, but relative cross sections could be measured to a good precision. The absolute cross section scales shown in this report were determined by normalization to a single theoretical cross section calculated by the CTMC method (figure 9 at ε = 0.45) [21] .
Experimental results
In this section we present the experimental results on charge transfer from Rydberg atoms in CES. The number of free parameters is quite large. For a given direction of the ion beam it includes the impact speed v, the three components of L and two components of A , with L · A = 0. We chose two primary cuts in the parameter space: impact velocity v perpendicular either to A or to L × A , i.e. perpendicular either to the major or the minor axis of the CES, respectively. Apart from the impact speed this leaves three free parameters describing the initial state for each cut. They are most conveniently given by the principal quantum number n, the eccentricity e and an angle (variously θ ma jor , θ minor or φ), which describe, respectively, the size, shape and orientation of the CES. In order to define unambiguously the geometry of the projectile's approach to the oriented CES, and to rectify some inconsistencies of angular notation in the literature, we show in figure 5 a schematic diagram that describes three types of experiments.
Rather than turning the CES in front of a fixed ion beam, as is actually done in the laboratory, we show an ion source positioned as in a goniometer so that ions approach a fixed CES lying in the XY plane from different directions. Type I experiments (reported in section 4.2) are those for which the impact direction is perpendicular to the major axis, X X in the figure. The angle of approach is called θ ma jor in this case and is measured as a zenith angle downward from Z . Type II experiments (reported in section 4.3) are those for which impact is perpendicular to the minor axis, Y Y in the figure. The angle is then called θ minor , again measured from Z . Type III experiments are those for which impact is parallel to the orbital plane, or perpendicular to L , and the angle of impact is called φ, measured from X as an azimuthal angle about the Z axis. The most general direction-of-approach experiment would be oblique in both θ and φ. At the cardinal points, and for extremes of eccentricity e = 0 or 1, certain types become degenerate or equivalent. With the direction of perihelion velocity v p indicated in the figure the generalized eccentricity ε is positive along arcs ZY and Z X and negative along ZY and Z X. For linear states (e = 1) we use angle φ and for circular states (e = 0) we use θ .
Circular and linear CES, having e = 0 and 1 respectively, belong to both types I and II and thus constitute a special case, which is presented first (section 4.1). For general eccentricities we present data for fixed n and various values of v, ε and angles (sections 4.2 and 4.3), and for type II only we give the n dependence for several values of the remaining parameters (section 4.4).
Capture from Li circular and linear Rydberg states
Relative cross sections σ for circular and linear CES are shown as a function of impact velocity in figure 6 for different spatial orientations of the CES [24, 34] . Projectile speed v is expressed throughout this work in terms of the dimensionless reduced velocity, v r ≡ v/v Bohr , where the characteristic electronic orbital speed v Bohr = 1/n au. Impact parallel and perpendicular . From this, we draw the important conclusion that for capture it is generally advantageous to have the electron predominantly on the upstream side of the nucleus, where it interacts as early as possible with the approaching projectile. Circular and linear cross sections are quite comparable near their maximum values, except when the electron is strongly polarized in the downstream direction relative to the nucleus, resulting in a relatively low cross section. At larger velocities the cross sections all decrease with increasing velocity, but the rate of decrease in σ cir is much stronger than for σ lin . This reflects the difference of the linear momentum distributions of the electron orbital in the two cases and shows that not only the spatial but also the momentum distribution of the CES is important. Circular states have narrow momentum distributions and linear states have broad ones. When the projectile speed increases past the characteristic orbital speed, i.e. when v r > 1, the cross sections become very sensitive to the high-momentum tail of the CES.
Full angular dependences for both linear and circular states are shown in figure 7 . In the case of linear states ( figure 7(a) ) two sets of data are shown, one for Li + on Na (n = 24, e = 1) at v r = 1.60 [35] and another for Na + on Li (n = 25, e = 1) at v r = 1.65 [26] . The clear difference of angular dependences between the two data sets is not explained by the small differences in n or v r . It is most likely due to the different quantum defects of the Na and Li target atoms, which influence the strongly penetrating linear states significantly in the region near the core and make them quite different. The two sets of data are arbitrarily normalized at the maximum where the wavefunctions are directed upstream. This choice is justified by the fact that the projectile there moves through and interacts with essentially identical electron clouds before it passes the nucleus. In contrast, when the linear states are directed downstream the projectile sees quite different electron clouds in front of the target nucleus. The larger quantum defects of Na lead to stronger scattering of the electron into the hydrogenically forbidden regions in front of the nucleus. Since we have concluded earlier that it is advantageous for CT to have the electron in front of the target nucleus, this qualitatively explains why the cross section for Na may be larger than the ones for Li in the region of downstream polarization and virtually equal for upstream polarization.
The ratios of upstream to downstream capture cross sections for both Na and Li linear states are shown in figure 8 over an extended range of v r . The Li data are higher than the Na data by approximately 80% in the whole velocity range except perhaps near the minimum at v r = 0.7. This does not contradict the assumption that the difference is due to the differing quantum defects of Na and Li. The ratios show an interesting velocity dependence with a distinct maximum near v r = 1.1 and indication of a possible oscillating structure at v r < 0.5. The CTMC results, which follow the shape if not the absolute value of the data quite well, indicate that the structure is due to modulation of σ lin up [19] . The maximum near v r = 1.1 corresponds to the onset of a three-swap contribution in CTMC [36, 37] , in which the active electron crosses through the moving midplane between the projectile and target attractive charge centres exactly three times during the collision. It is possible that the factor of two discrepancy between the Li data and the CTMC results could be due to the nonzero quantum defects of Li. CTMC simulates the case of hydrogen, having no electronic core, which should lead to larger ratios than for Li, as judged from the systematics of Li versus Na discussed earlier.
The angular dependence of CT for a circular state is shown in figure 7 (b). This reaction was analysed qualitatively in terms of first and second Born contributions [24] . Due to the strong cut-off towards high momentum components of a circular state, the first Born cross section is strongly suppressed in the region θ = 0
• -30
• and it was suggested that higher-order terms of the Born expansion could become important in this region for v r 1.8. More recent calculations in the CTMC approximation support these conclusions [39, 41] .
Capture from Li n = 25 CES with impact perpendicular to the major axis (type I)
The dependence of CT on the initial electronic momentum distribution is brought out most clearly when the projectile impacts the CES perpendicular to the major axis and parallel to the orbital plane (type I experiments with θ ma jor = 90 • ). Cross sections for ε = e and −e then correspond to equal spatial distributions but different momentum distributions. When ε = e the orbital velocity at perihelion is parallel to the impact velocity whereas when ε = −e the two velocities are antiparallel. In other words, the momentum-space wavefunction, which has circular shape (but an offset centre), is shifted towards the momentum of the projectile (times m e /M ion ) in the former case and away from it in the latter. The parallel configuration thus favours CT since the overlap of initial and final wavefunctions is better near the plane in momentum space defined by p The series of data in figure 9 shows that, as the reduced velocity v r is increased, the cross section is more and more strongly peaked at increasing values of generalized eccentricity ε. The ratio σ (ε = e)/σ (ε = −e) evaluated at maximum becomes quite large at high v r . It reaches a value of about 15 for ε = 0.75 and v r = 2.09. At each reduced velocity v r the CT cross section is maximum at eccentricity ε max . The physical significance of ε max is illustrated by figure 10 , where the corresponding perihelion orbital velocities
1, the maximum moves to negative values of ε and we then give the velocity at aphelion, v a = 1/v p . The intention is not to suggest that the electron is actually captured from positions near the perihelion at v r 1, where it is actually least likely to be found. The plot convincingly shows, however, that the CT process for the given orientation of the CES strongly emphasizes specific momentum components, which could be near m e v/2, as suggested by the OBK approximation. The sensitivity of the CT process to momentum components is demonstrated further in figure 11 , which shows cross sections as a function of ε for various angles of incidence, θ ma jor . (θ ma jor equals zero for impact perpendicular to the plane of the CES. Frame (e), with θ ma jor = 90
• , is a repetition of figure 9(f).) We have indicated in each frame the ε value,ε, at which the projection of the orbital momentum at perihelion, v p sin θ ma jor , equals v r . The maximum of the cross section lies fairly close toε and moves towards higher ε values as θ ma jor decreases. Note also the rise of the cross section for increasingly negative ε values when θ ma jor is small and the strong asymmetry of the cross section about ε = 0 even for small θ ma jor values. These trends are all consistent with strong sensitivity to the initial electronic momentum distribution.
Capture from Li n = 25 CES with impact perpendicular to the minor axis (type II)
The dependence of CT on ε is shown in figure 12 for a range of reduced projectile velocities with impact perpendicular to the minor axis and parallel to the major axis (type II experiments, with θ minor = 90 • ). The momentum distributions relative to the beam direction are identical for ε = −e and +e, but the spatial distributions differ. For ε = −e the electron is found mainly downstream from the nucleus and for ε = +e it is mainly upstream. For given values of e and v r the cross section is always larger for ε = +e than for ε = −e (i.e. for upstream rather than downstream polarization) in agreement with the data on linear CES (figure 8). The dependence on ε, however, is not even qualitatively similar at high and low velocities. For v r < 1 the cross section shows a distinct maximum near ε = 0, and for v r > 1 it shows an equally distinct minimum near ε = 0. This shows that the spatial distribution does not alone determine the outcome. While σ (−e) < σ (+e) is fulfilled at all v r , the momentum distribution strongly favours CT at small |ε| values for v r < 1, but CT is strongly suppressed at such ε values for v r > 1. Figure 13 shows the dependence of CT cross sections on ε at three reduced velocities for impact perpendicular to the minor axis but at an angle of incidence θ minor = 30
• with respect to the normal to the orbital plane. The dependence on ε at a given v r is apparently quite insensitive to angle in the range θ minor = 30
• -90 must be a symmetric function of ε. Figure 14 demonstrates that this symmetry is confirmed experimentally and that the cross section for perpendicular impact on the CES is a steadily increasing or decreasing function of |ε| except in a region around v r = 1.65. Here, the low-v r maximum at ε = 0 is transformed into a minimum, resulting in a more complex dependence on ε. Cross sections for CT from a CES of e = 0.6 which is rotated around the minor axis are shown in figure 15 as a function of the angle of incidence θ minor for three values of the reduced velocity v r .
n dependence of capture from CES
The dependence of the CT cross section on the principal quantum number n is intimately connected with the classical limit for the cross section if the limit exists. A generalized correspondence principle (GCP) describing the classical limit was proposed by Abrines and Percival [43, 44] . It emphasizes classically scale-invariant quantities and states that a quantum mechanical quantity with a scale-invariant classical analogue tends to its classical analogue when the linear dimensions of the quantum system tend to infinity and all other quantities characterizing the system are scaled simultaneously. Energy squared times cross section is a classically scale-invariant quantity, so (according to the GCP) cross sections should scale like n 4 since energy scales like 1/n 2 . However, all other parameters of the system must be scaled too. The scaling condition on collision velocity is relatively easy to satisfy (v ∝ 1/n), but that for angular momentum is more difficult ( L ∝ n). A series of s states ( = 0) fulfils the condition but s states do not have classical analogues. A series of circular states ( = n − 1) also complies, as does any series of CES provided the eccentricity (e) and the orientation relative to the beam direction are kept constant. This, and the minimum quantum fluctuations of CES, make them the natural choice for an experimental study of the GCP. The experimental arrangement allowed a study [45] of the n dependence of CT cross sections for CES under the conditions set forth by the GCP, i.e. constant e and orientation in space of the CES as well as constant reduced velocity, v r = nv. The lower limit on n (n = 20) was set by field ionization requirements [33] and the upper limit (n = 35) by the linewidth of the laser light exciting the initial Stark state combined with the requirement of exciting only the uppermost state. Figure 16 shows experimental CT cross sections for e = 1 as functions of angle φ in type III geometry. The cross sections are normalized to that for n = 25 to facilitate comparison. The data indicate that the angular dependence is described by a universal cross-section function that is independent of n. Figure 17 shows the ratio of CT cross sections for impact parallel and perpendicular to the plane of a circular state as a function of reduced velocity for various n. Normalization of data for different n is not required in this case because a ratio of cross sections is shown. These data also point to the existence of a universal CT cross section that is independent of n, in this case a universal dependence on velocity. Figures 18 and 19 show the n dependence of the CT cross section at different reduced velocities for impact parallel to the major axis of the CES in upstream polarization at selected values of generalized eccentricity. At the lower reduced velocity (figure 18), the cross section follows the expected n 4 dependence, but at the higher reduced velocity (figure 19), the dependence on n is different: it is still described by a power law but the exponent is close to 3 instead of 4. The dependence of the CT cross section on eccentricity for the same reduced velocities and orientation of the major axis of the CES as in figures 18 and 19 is shown in figures 20 and 21. The cross sections are scaled according to the n dependence found in figures 18 and 19 to illustrate the existence of an approximately universal dependence on eccentricity (as on v r and orientation). We do emphasize, however, that the n dependence at v r = 1.68 is different from the one expected on the basis of the GCP.
Discussion and conclusions
In the multi-dimensional parameter space of these experimental studies it is difficult to describe the landscape in a few familiar terms or even to perceive it. We summarize here a number of observations supported by the experimental results, hoping that they will be recognized by others and will suggest new experiments or theoretical formulations.
The electron is more likely, often much more likely, to be captured by ions in this velocity range when the electron resides in the unperturbed initial state on the side nearer the oncoming ion. This suggests that, even for states having inversion symmetry (as sharp angular-momentum states have), the overall probability of capture may depend more on dynamical events that occur early, during the approach phase, than late, during separation.
Capture cross sections from circular-state (e = 0) and linear-state (e = 1) targets are comparable in magnitude at each velocity near the maximum at v r 1, except if the target is approached in its 'downstream' polarization, when the cross section is considerably depressed ( figure 6 ). This suggests that, if there is any significant electron probability density on the upstream side of the target atom, that part contributes overwhelmingly to capture. Only in orientations where this channel is starved does the capture cross section suffer a major decrease.
The capture cross sections fall more rapidly at high and increasing velocities for circular than for linear states ( figure 6 ). This is consistent with the Born-emphasized velocity-matching capture mechanism, since the linear states have a longer tail in their momentum distributions, arising from their admixtures of intermediate or low-states. The circular states have relatively sharp momentum distributions, corresponding to electron motion always near the radial classical turning point. Thus a linear state of given n is more likely to offer favourable momenta than a circular state during passage of a swift projectile. Little variance has ever been noted in single-charge-transfer collisions with Rydberg targets of different atomic species, which understandably seem to behave generically like one-electron hydrogenic systems. In this work, however, the role of the target's specific electronic core can be exposed when Rydberg atoms are oriented in a downstream polarization that inhibits the dominating upstream-side capture mechanism. Comparison of a Na Rydberg target (neon-like core configuration 1s 2 2s 2 2p 6 ) and a Li Rydberg target (helium-like 1s 2 core) shows that capture in downstream polarization may be considerably larger for Na than for Li ( figure 7) . This is not because of any direct role in capture played by the still-compact electronic core but because the bound-state interaction of the excited electron with the core leads to different admixtures of low-character, especially of the isotropic Rydberg s state, in the CES having e = 1.
The ratio σ lin up to σ lin down (the 'fore-and-aft ratio' of Homan et al [19] ) shows a distinct dependence on impact velocity (figure 8). The maximum ratio, about four for Na, eight for Li, occurs at velocity v r = 1.0-1.2. CTMC (for a structureless core) predicts an even larger maximum in the same range. A deep minimum, fore-and-aft ratio about two, again echoed by CTMC, occurs near v r = 0.7. Homan et al [19] indicate further that the ratio may oscillate at yet lower velocities and that a classically defined electron swapping phenomenon, a repetitive motion of the active electron between the two positive charge centres, contributes a very similar velocity dependence to capture cross sections. The oscillation occurs in σ lin up , not in σ lin down [19] . No mechanism is known as yet which would indicate which swap multiplicity would dominate the capture dynamics at given projectile velocity.
Just as experiments mentioned above bring out the evident importance for charge transfer of the electron's spatial distribution in the initial atomic state, the experiments also reveal the importance of the directional velocity matching between electron and incident projectile. When the perihelion velocity in the CES approximately matches v ion in both magnitude and direction, which is possible for impact parallel to the plane of the CES and perpendicular to the major axis, charge transfer takes a maximum value (figures 9 and 11). By comparing σ (+e) and σ (−e) it is arranged in this comparison of parallel and anti-parallel electronic and ion velocities that the electronic spatial distributions are the same, thus nulling the contribution of a spatial effect. At high projectile velocity, the nearest match of velocities is made as the electron passes its perihelion, where it moves, albeit briefly, most rapidly. At low projectile velocity, the best match correspondingly is made at the electron's aphelion. A strong correlation of perihelion and aphelion velocities with capture-cross-section maxima is shown in the data (figure 10). By a continuous variation of eccentricity at a fixed target orientation and projectile velocity perpendicular to the major axis, and comparison of different orientations, a smooth sweep can be made across the velocity-matching region ( figure 11 ).
An experimental configuration in which the projectile velocity is parallel to the major axis of a CES brings out the spatial effect in capture by contrasting equivalent momentum distributions. Nonetheless it reveals that the outcome is determined both by spatial and velocity-matching effects. A variation of eccentricity 'tunes' the momentum distribution so that its influence on the fore-aft asymmetry is revealed. This is seen quite clearly in figure 12 where σ (ε = +1)/σ (ε = −1) is the extreme fore-aft asymmetry. The eccentricity-dependent fore-aft asymmetry is strongly influenced by velocity matching near e = 0. Figures 13-15 show data for impact perpendicular to the minor axis at various values of v r , ε and θ minor . The Thomas capture mechanism, if it were important for linear states at the present velocities, would lead to a structure near the Thomas angle of φ = 120
• in figure 7 (a). Such a structure is not apparent and a Thomas structure is also absent in the data of figure 13, which were taken at the Thomas angle θ minor = 30
• but for varying ε. There is no indication in the data that the Thomas mechanism may be particularly strong at any ε or v r .
The GCP suggests certain comparisons of widely varying n states over angles of approach, velocities and eccentricities. The CES capture data show that results may be described by universal-that is, n-independent-curves in the cases of linear states versus angle and circular states versus velocity ( figures 16 and 17) . The capture cross sections vary with n at given dimensionless reduced velocity v r according to a simple power law, but the power is not always the classically expected n 4 ( figures 18 and 19 ). Moreover the sometimes complex variation with eccentricity is described over a wide range of n by a power law at fixed velocity, but the variation is apparently as n 4 at v r = 1.20, but close to n 3 at v r = 1.68 (figures 20 and 21). Further experiments of charge transfer from CES could possibly reveal patterns in addition to these. Such experiments might:
• investigate the lower velocity region between v r = 0.1 and 1.0, • investigate the variations among Rydberg states built on larger closed-shell, or open-shell cores, • extend to the high-velocity asymptotic limits, where Thomas double-scattering capture might reveal itself in CES at lower scaled velocities than in ground states [18, 46] and thus allow a clearer separation of first Born and higher-order Born dynamics, • measure the distribution of final states populated by capture from CES under varying conditions of target eccentricity and orientation, possibly revealing suggestive patterns and providing new indicators of collisional dynamics.
